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6.0  Cone  luti  ion 


ABSTRACT 


Tho  design  of  an  elootroaooustio  transducer  \vhich  in 
linear  and  pasaivo,  and  yet  nonraciprocal  is  doocribod*  Unphe.- 
sis  is  placed  on  tho  dosign  of  rt  particular  typo  of  such  a / ^ 
transducer  beoauae  of  its  possiblo  use  -by-tho  'h!Vy  -in 
-torpedoes-^  This  tronsduoer  has  a trcmsinitting-dircctivlt^/' 

pattern  of  the  singlo-moin-lobe,  or  searchlight  type,  and  a rc- 

5pii't*-|ofc»C 

ceiving-directivity  pattern  of  the  ^ip'  labo>  or  BI>i  (5gfr.y4ng 
-Povi »^dpoa-I«w*aiOBtop)-‘()iyp»»  This  type  of  nonreoiprooity  in 
achieved  by  combining  two  different  kinds  of  oleotroacoustio 
transducer  cloiaents  into  one  instrument*  CkiQ  eleitiont  must  bo 


a oondonser  or  piezoeleotrio  crystal  assembly,  end  the  other 
an  elootromagnetlo  or  elect rodynomio  transducer*' 


lI, 


1.0  ttid.i  JD 


p-mr.ibl  llV/  of  dfs  .'l*.'otro:-.i:chunj  or.l  ri,  a<wOr.i 

iir/*  iin'THr  I'.nd  puu'jLv'-  but  ncnrcr  1. rocul  ‘.wia  ‘‘irat  cxplalnoci 

*» 

by  ..  ’ . J'c.’  il  liin<  l.o  •j.oiat  'd  mt  that,  aa-ic  ‘.y..rs  oj'  trti^isivjanrr, 
n-inviliy  thoM  ;}it.  of  b*  in.:  rcci^irocal  in  fm,-*,  rnoi.-rocul 

in  -r.  but  not  in  phusOo  . By  aujtfibly  conni'ctin.;  both 

types  of  tho3«  transducerfl  into  a rnur-tvri'.in!il  tnoy 

enn  1)0  'vulo  to  ’'uld**  oac'.i  otlior  v.he’n  pov.'or  ia  passpd  throufjh 
t!;ii  rx’f.tork  jn  o?2o  .liroction,  and.  to  "oppose"  ouch  other  tdion 
prAvor  is  pusaed  t}irou2‘‘‘  tho  oppositn  direction,  tlius  fom- 
iii,;  <1  nor!r<‘CijirocttI  not^tork  t!tut  is  still  lim/ur  unc!  jucsivo. 


. The  Vcjdfrv*civ,  |>«>''yo  4^  ivA-S  (^ccB^deJ 

Iwi  "fkc  jDYtMtpItJ  €yji4iv»eJ  To 
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1 I. 


An  antirooiprocnl  elenoht  is  an  oloctVoaooustlc  tr&ns- 
duour  Thioh  is  reoiprooal  in  na^nitudo  only*  or  ono  vihoso  transfer 
impodenoos  imvo  opposito  slnns.  rtoving-ooil  and  nugnetostr lotion 
transducers  are  of  this  type* 


2*3  Phase  Relationships 


A reciprocal  olemont  is  normally  an  eleotrootatio  dovice 
and  behaves  like  a oondensorj  the  inoohanlcal  forces  involved 
uro  in  phase  vith  the  charge  or  the  voltage. 


An  antired  prooal  element  behavos  like  a vdre  in  a nag*> 
netic  field  T/horo  the  neohanloal  forces  involved  aro  in  piiase 
Tdth  the  current  or  18CP  out  of  phase  with  it,  depending  on’ 
whether  we  have  the  case  of  a generotor.  or  motor,  Vfe  can  orbi- 
ti'arily  choose  vhich.  oase  gives  us  the  ''^-phaae"  relationship, 
tlie  important  point  being  only  that  the  two  oasos  dlffor^ 


Consider  an  electroaooustio  transducer  as  a four  terminal 
network  with  two  eleotrioal  terminals  and  two.aooustlo  terminals 
as  shown  in  Fig,  1,  ' 


r 


3^ 


I - ourrcnt  (when  Vs*  o) 

B » onf  (open  circuit) 
y»  voluno  current  (whan.  I a O) 
exoaas  pressura  (open  circuit) 


Figi\ft»  1 - Hleotroaooustio  Tr-'jaeduoer  as  Kour^Tortninal  Tlotwork 


The  transfer  inpcdanoti.  are  P/l  and  S/v,  For  a 

reciprocal  elomont,  P/l  **  E/V*  For  an  antirooiprooal  elonont, 

■ ■ ! 

P/l  For  p rOdiprooal  elcisent,  the  phase  between  P and  I 

• % 

may  be  unknown,  but  it  is  wtluiaod  to  be  the  uoao  as  the  phase  be 
tir;68n  B end  V,  That  isi 

if  P leads  I by  an  angle  0, 
then  B ' leads  T by  an  angle  9. 


For  on  ontiroclprooixl  eloment^  the  phase  betr/een  P and  1 is  .assumed 
to  bo  l')0  dogreos  dlfforont  from  the  phase  botwoen  E and  V.  ' Tliat  is. 


if  P leads  I by  an  angle  0 

c 

then  E leads  V by  on  angle. 0 +’180*  ' 


Mot;  oonnoct  a reoiprooal  and  an  ontireoiprooal  olonont  in 


Figure  2 - Rooiprooal  and  Antircciprooal  Elenants  in  Series 

AssmoJ  Pjjj  leads  I by  Oj^ 

Pg  leads  I ty  0 2 
Thenj  leads  7^^  by  . Oj+180  ^ 

E ^ leads  by  Og 


1 


ViTion  this  conblnation  is  used  as  an  eleotroaooustic  projector,  the 
sound  fields  produced"  at  tlie  acoustic  fatos  of  the  individual  elo- 
nants  will  he  and  P^  , Ordinarily  Pjj^  and  will  not  be  in 
phase,  but  will  differ  by  an  angle  (Ol  - ©2  ),  A vector  repro- 
flotation  of  tJiis  is  shown  lii  Pi^;,  3*  . 


Pm 


Fi^»xro  o - Phase  Relationship  Between  Pjj^  and  P^  « 


Tlio  direction  of  maxiraian  constructive  irxtorfcronce  (i.e«,  tho  main 
lobo)  then  Y;ill  not  ooinolde  with  tho  msohaiiical  axis  of  the  inctru- 
nont  but  will  bo  a function  of  frequency,  of  angle  (6^  - gjg)* 

of  the  distance  botiveen  the  acoustic  contorr.  of  the  olonents.  Call 
t}iis  direction  tho  acoustic  axis.  Soo  Pig. 4, 
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Ficiaro  4 ••  Dlroption  of  Italn  Lol>o  of  Sound  3oaa  FVon' 

Combination  of  Reciprocal  nnd  Antirociprocal 
Transducers  Conueoted  in  Sorioe 


Tthen  the  oombitiatlon  is  used  as  a hydroplionc»  'with  sound  boing 
received  along  the  direction  of  tho  acoustic  axis^  the  sound  fields  at 
the  acoustic  faces  of  the  Individual  elements  will  again  have  a phase 
difference  of  angle  (©j^  • ©2)*  however*  will  be  leading 

Pjjj»  Since  the  phase  between  and  must  bo  tho  some  as  the  phase 
between  Pp  and  Vp,  vro  con  conclude  that  Vq  will  lead  Vjj  "by.C©!  - ©g)* 


•7 


K.and  V tha  sokio  rogordlcsa  of  'wliethor  tho  valuoa  are  open  oir* 
cult  I that  1&«  f/hethor  vre  work  into  un  Inflnito  load*  In 

practice  mo  do  not  work  into  infinite  loads » altho\;gh  infinitd 
loads  are  acsuned  in  dofising  transfer  Inpedanoes*  In  view  of 
our  exporlaontol  success*  tho  asstsAption  soems  to  bo  valid* 


. 2,4  Conditions  of  TTonrcolprocity 


It  has  boen  shown  that  for  ono  given  direction*  the 
series  coribination  of  two  different  olonents  vdll  hava  a single 
main  lobe  pattern  on  transmission  beoause  the  two  elsnchts  piH>duce 

"aiding”  or  "in^phaso”  sound  fields*  T/hen  receiving  from  this  ■ 

1 ‘ 

sane  direction,  tho  two  eaf*8  produced  will  bo  "opposing"  or 
• * » 

"out  of  phase”.  If  the  receiving  responses  of  tlie  two  olenonts 

are  how  node  equal  in  magnitude,  they  will  cancel  each  other,  and 

the  total  receiving  response  of  the  oombination  will  be  equal  to 

iflht 

zero*  Hiis  will  appear  as  tho  sharp  and  doop  null  in  a JW^n-lobo 
.oe  iW*  pattern.  The  trmsmitting  responses  ivill  also  be  equal  in 
magnitude,  but  they  will  add  up  to  a total  response  twieo  that  of 
either  individual  element*  Under  these  oonditione  the  maximum 
nonreciproolty  or  groatost  difference  between  trmsnitting  and  ro- 
ceiving  responses  Is  obtained. 


I 


2^5  Frequency  Limitations 


Tivo  factors  will  limit  the  satisfactory  operation  of 
this  instrument  to  one  frequency.  Ordinarily  the  responses  of 
the  two  elements  vdll  be  the  some  for  only  a few  frequencies. 

J-fexlnum  nonreciprooity  can  possibly  be  obtained  at  all  these  fre- 
quencies^  but  the  direction  of  the* acoustic  axis  will  be  different 
for  all,  since  its  deviation *from  the  nechanical  axis  is  a func- 
tion of  frequency.  In  practice,  an  instrument  can  usually  bo  me- 
chanically oriented  easily;  therefore  the  direction  of  the  acoustic 
axis  is  not  as  important  as  the  fact  that  it  channos  ^vitli  fx-oquency. 
Even  if  it  were  possible  to  design  two'  different  elements  wlioso  re- 
sponses were  identical  over  a vdde  frequency  band,  the  limitation  to 
one  frequency  by  the  shifting  acoustic  axis  would  still  exist. 


3.0  Construction  of  Experimental  fSodel 


3.1  Original  liodel ' 


The  first  model,  built  to  test  the  nonrociprocal  theory,  v.'as 
merely  on  AX70  and  an  MS4  mounted  in  Juxtaposition  on  a single  rig 
as  shown  in  Plate  1.  The  AX70  is  an  X*out  Rochelle  Salt  oi'ystal 
tronsducer  and  a reciprocal  element.  The  MS4  is  a magnetostriction 


k M 


.-10- 


tA  ^ .Lx, 


transducer  and  an  antlreoiprooal  elemen'b.  They  were  connected 
externally  in  series* 

3*2  Second  '^bdel  (RUT2A>.l) 

After  successful  tests  with  the  first  model*  a second  model 
was  built  by  removin^^  half  of  the  magnetostriction  units  from  the 
r.!S4  and  replacing  them  with  an  asao'nbly  of  Y-cut  Rochelle  salt  crys- 
tals. See  Plates  2 and  3*  The  two  elements  were  again  connected 
in  series*  'Ihis  first  complete  and  integrated  model  was  designated 
the  RL-T2A-1* 

4o0  Test  Results 

4el  Original  lludol  Tests 

The  individual  elements  of  the  original  model  hud  equal 
sensitivities  at  57 *7  ko,  and  it  was  at  this  frequency  that  the 
first  successful  tests  were  run*.  Figure  6 shows  the  transmitting 
and  receiving  directivity  poittoms  vrtth  the  maxima  of  one  falling 
at  the  same  angle  as  the  minima  of  the  other*  By  shtinting  the  AX70 
’.vith  a low  rosistanoo  (2  ohms),  its  sensitivity  was  matched  vdth 
that  of  tlie  IiS4,  at  25  ko,  and  the  results  again  wore  good.  See 
Fig*  7* 


4.2  RL-T2A-1  Tests 

The  IU»T2A-1  wus  tested  vrith  satisfactory  results  shov/n 
in  Fig,  8,  By  shunting  both  oloncnts  with  various  inpedanoes, 
good  nonroci procity  oould  be  obtained  at  many  different  froqueaeios 
and  the  direction  of  the  aooustie  .axis  oould  bo  stiiftod  relative 
to  the  nochanical  axis,  - 

( 

4.3  Porallel  Connections 

Connecting  the  two  elements  in  parallel  will  also  produce 
nenreoipreoal  results « However*  a parallel  oonneotlon  produces 

a much  lower  opon>oiroult  voltage  output  for  the  embination  tlian 

« 

a series  connection.  Thus  the  series  connection  is  to  be  pre- 
ferred over  the  parallel, 

4.4  Linearity 

Tests  rovealed  the  RL-TEA-l  to  be  linear  wit}!  poiver. 

4.5  Detemlnation  of  Optinun  Frequency, 

For  a given  set  of  olootriool  conditions*  the  i.istrument 
will  have  one  optinun  frequency  at  whioh  it  will  have  nuxinum 
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nonrfloiprooity  in  one  given  dlrootion%  If  a particular  optimum 
frequency  Is  desired, ' the  eloctrloal  conditions  otm  usually  bo. 
ohanr.ed  so  as  to  obtain  tho  dosired  results.  An  analysis  of 
the  individual  elonant  frequency  responses  vlll  indicate  the  type 
of  electrical  ohcffige  that  should  be  used  to  ohift  the  optinnAi  fre« 
quonoy  in  a desired  direction*  A.  frequency  response  run  \d.th 
uutomatlo  recording  equi]jmeni  T<ill  rerveal  the  optimum  fraqueooy 

as  a sharp  nininan  in  t}tn  instrument's  fooolving  response*' 

/ 

4.0  ratteen  Reversal 

3y  reversing  the  eloetrical  leads  on  one  of  tlie  two 
elements,  tho  patterns  -can  bo  reversed*  That  is,  it  Will  trans* 
nit  a pattern  and  receive  a'  snaiishlteKt  pattern* 

4«V  Side  Lobes. 

Tho  side  lobes  in  the  original  model  were  very  high,  but 
further  design  and  development  have  roduoed  then^  The  RL>T8A»1 
was  an  impiwomsnt  in  thie  direction  over  the  original  model* 


«»11 3^ 


5*0  Uses  and  Applieatioas 

Proper  design  &Jid  oonstruotion  of  this  typo  trsnsduoor  should 

O 

nske  it  ideally  upplioable  to  the  "Sonar  Woke  Deetotor*  and  the 

3 

"Ultrasonic  Impedance  System"  of  wake-homitig  torpedoes*  Use  of 
this  transducer  appears  foaelble  in  a bridge^i^d  circuity  and 
night  ootvoclvably  avert  trouble  due  to  dynaalo  pressure  at  hi^ 
torpedo  speeds* 

6*0  Conclusion 

llio  teste  prove  oonoluslvOly  that  linear*  passive* 
nonreoipropal  transducers  can  bo  built  for  practical  purposes  for 
operation  at  a sli^le  frequency*  Thiltiple  oombinatiobs  of  differ- 
ent elements  could  be  used  to  produce  a wide  varlely  of  nonreoip;:^-  - 
cal  types* 

The  theory  of  operation  is*  in  genorol*  os  heretofore 
outlined*  A rigorous  analysis  of  tho  phase  relationships  in  the 
elootro-meoheno-acoustioal  system  remcdns  to  be  done  in  detail* 


C*-)  "Sonar  Vako  Detector"*  Kavul 
Sound  Division  R<^ort 

(8)  tlee*  a j M i 1 
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"Ultrasonic  Iniiodanco  System"  0,  R,  L*  Report  from 
Petxn  State  College.  Sept*  15*  1948* 
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